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Introduction 

The syntheses of the highly explosive binary triazides of arsenic and antimony 

have recently been reported. "^'"^^ However, the structures of these interesting compounds 

could not be determined because they wefe difficult to crystallize or obtained only as oils. 

We have now been able to prepare M(Ns)3 (M=As, Sb) as very pure solids and obtained 

their single crystals by slow and careful sublimation of the solids. 

Results and Discussion 

Syntheses and Properties: The reaction of AsFs or SbFs in SO2 with excess (CH3)3SiN3 

at room temperature results in complete azide-fluoride exchange yielding a clear solution 

of As(N3)3 or precipitation of Sb(N3)3, respectively, according to eq. (1). 

SO2 . 

MF3  +  3(CH3)3SiN3      ► M(N3)3   +  3(CH3)3SiF (1) 

..M = As,Sb 

Removal of the volatile compounds, SO2, (CH3)3SiF,' and excess (CH3)3SiN3, at 

ambient temperature results in pure triazides. 

As(N3)3, which had previously been prepared by the reaction of ASCI3 with NaNs 

and been reported to be a yellowish liquid,^'^ was obtained as a white solid. Single 

crystals of arsenic triazide were obtained by slow and careful sublimation in a dynamic - 

vacuum. The crystalline product melts at 37 °C. The molten As(N3)3 decomposes at 62 

°C, resulting in a milky liquid that explodes at about 160 ^'C. 

gR]jae'SF(1^3)3 was isolated as a white solid with a decomposition point of 130 °C. 

Despite previofe.reports of explosive decomposition upon attempted sublimation,^^^ we 



were able to obtain colorless crystals by sublimation of the crude product in a static 

vacuum at 100-110 °C. It should be emphasized that As(N3)3 and Sb(N3)3 are sensitive to 

mechanical shock and can explode violently. 

Crystal structure of As(N3h: Clear colorless As(N3)3 crystallizes in the monocKnic 

system (Table 1). The crystal structure of As(N3)3 is shown in Fig. 1; and the atomic 

coordinates and bond distances are Hsted in Tables 2 and 3. The three azido groups are 

arranged in a pyramidal, propeller-type fashion, which is in contrast to the [C(N3)3]* 

cation that exhibits a trigonal planar arrangement for the central carbon atom and the 

three alpha-mtxog&n atoms.^^ This difference in the structures of M(N3)3 (M = As, Sb) 

and [C(N3)3]* is due to the presence of a sterically active lone valence electron pair on As 

and Sb (see Figure 2). 

In As(N3)3, the three azido groups point away from the arsenic lone pair. The 

torsion angles (Table 3) clearly show that the AsQSiz)^ structure lacks perfect C3 

symmetry. The values for the N7-Asl-N4-N5 and Nl-Asl-N7-N8 angles are similar with 

5.0(2) and 5.1(2)°, respectively, but different from the N4-Asl-Nl-N2 angle of 11.9(2)° 

indicating the presence of nonequivalent azido groups. A mean least squares planes 

analysis of the azido groups relative to the plane formed by the three alpha-nitrogen 

atoms further substantiates the nonequivalence of these groups. The relative twists of the 

azido groups N1-N2-N3, N4-N5-N6 and N7-N8-N9 compared to .the mean plane formed 

by Nl, N4 and N7 are 46.9(2), 43.0(2) and 57.9(3)°, respectively. 

The packing diagram for As(N3)3 is shown in Figures 3 and 4. It is well known 

that arsenic atoms can accommodate at least 6 closely packed fluoride ligands, as in 

AsFe". It is, therefore, not suiprising that arsenic seeks a coordination number higher than 



4 in As(N3)3. For SbCl(N3)2, it has previously been shown^^^. that the antimony atom can 

expand its coordination number by the formation of nitrogen bridges involving the a- 

nitrogen atoms of the azido ligands. This bridging mode results in four-membered rings 

containing two antimony and two Na atoms. These rings are interconnected through the 

antimony atoms, thus forming infinite zigzag chains. The same bridging principle is 

observed for As(N3)3 where two of its azido groups, N1-N2-N3 and N4-N5-N6, 

participate in the formation of the infinite chain structure via formation of fused AS2NI2 

and AS2N42 dimeric parallelograms (see Figure 3). These chains run along the a-axis with 

the two parallelograms twisted at -74° with respect to each other. The bridge bond 

distances are 2.970 A for the rings involving the N4 atoms and 3.069 A for the rings 

involving the Nl atoms. The nonequivalence of the two rings is caused by N6 forming an 

additional bridge of 3.198 A to an arsenic atom of a neighboring chain, perpendicular to 

ab-plane, thus interconnecting the individual chains to form a three dimensional network 

(see Figure 4). Like the chlorine Ugand in SbCl(N3)2, the third azido ligand, N7-N8-N9, 

does not participate in the bridging. This packing arrangement accounts for the 

nonequivalence of the three azido ligands in As(N3)3 and provides the arsenic atoms with 

a coordination number of 7 with 3 azido ligands, 3 nitrogen bridges , and one free valence 

electron pair. The arrangement is that of a distorted mono-capped octahedron, with the 

free valence electron pair occupying the mono-cap position. The angle, formed by the' 

bridge bonds, is significantly larger than that between the azido Hgands (Figure 2). The 

relative ease, with which crystal packing effects can deform the As(N3)3 structure from 

the ideal C3 symmetry, is also supported by the theoretical calculations (see below). It 



was found that the four stable isomers, which exhibit different orientations of the azido 

groups, differ in energy by a mere 3 kcal/mol or less. 

Crystal structure of of ShOSfj^: This molecule ( Figure 5 and Tables 3 and 4) 

represents a "text-book" example of perfect C3 symmetry. The asymmetric SbNs unit 

shows an azido group covalently bonded to the antimony atom which lies on a three fold 

rotational axis. The symmetry operations z,x,y and y,2,x for a rhombohedral setting for 

space group R-3 generate the remaining two azido groups, thus placing the antimony 

atom at the pivot of a propeller shaped molecule. The Sb-N distance of 2.119(4) A is 

shorter than the two Sb-N distances of 2.152(8) and 2.1444(7) A found in the crystal 

structure of SbCl(N3)2.^^ The azido groups are ahuost linear with N-N-N angles of 

178.3(5)°. As found for the As(N3)3 structure, the N„-N;? distance of 1.233(6) A is longer 

than the N^Ny distance of 1.131(6) A. However, in the case of SbCl(N3)2,^^ one of the 

azido groups shows an "abnormal" N„-N;s distance of 0.98(1) A which is shorter than the 

Nff-Ny distance of 1.28(1) A. This peculiarity has also been observed by us for a mixed 

chloride/azide antimony(V) anions, [Ph4M]^[SbClx(N3)6.x]" (x = 2-5; M = P or As)^^ and 

by others for the structures of some azido derivatives of platinum,^^"^°^ vanadium,'-^^^ and 

tantalum.^    In our opinion, these unusually short distances are not real and are due to 

partial occupancy of some azide sites by other atoms, such as chlorine. 

In Sb(N3)3 and SbCl(N3)2, the angles at the Sb atom are compressed from an ideal 

tetrahedral value of 109.5° to -90°. This angle compression is caused by the increased 

repulsion from the sterically active free valence electron pair on antimony. Because this 

effect increases with increasing size of the central atom, it is less pronounced for AsQ^^)^, 

which exhibits an N-As-N angle of 97.9°. Furthermore, the Sb-N-N angles of 115.8(3)° in 



Sb(N3)3 are smaller than those of -120° found in SbCl(N3)2.f'^ In accord with the 

requirements for C3 symmetry, the torsion angles in Sh(Nsh are all identical and, due to 

the almost linear azide group (178.3(5)°),. the M-N-N-N torsion angles are poorly 

determined. 

One of the most interesting consequences of the high symmetry of Sb(N3)3 is its 

crystal packing. Figure 6 shows aesthetically pleasing views down the z (1 1 1) axis. 

Each of the molecules has a three-fold local symmetry, but the z-axis also constitutes the 

crystallographic three-fold axis. When no bonds are displayed, the nitrogen packing 

mimics the "Star of David". However, when all bonds are displayed, an inorganic 

pseudo-18-crown-6 evolves in which six antimony atoms form a perfect hexagon and 

encapsulate two Sh(^sh molecules located on. a pseudo-Sg axis/passing through the 

center of the hexagonal cell. The two central ShQ^.h molecules are stacked with the 

lone-pairs on antimony pointing away from each other and the three azido groups on each 

antimony being rotated by 60° from each other, forming a perfectly staggered structure. 

When viewed from the top, each individual Sb(N3)3 unit resembles the three legged "Isle 

of Man" emblem. 

When viewed from the side (see Figure 7), the packing can be described as a sheet 

structure. Within each sheet, there are two ShQSSsh layers. The antimony atoms of each 

layer point in opposite directions and form triangular funnel-Hke holes. The antiinony 

atoms of one layer are located deep inside the holes of the other layer and reside -0.9 A 

beyond the plane formed by the antimony atoms of the other layer. TTie resulting close 

contact between the two layers allows each antimony to form three close contacts of 

2.844 A with a-nitrogen atoms from three neighboring Sh(N2h units, thus creating two- 



dimensional sheets (see Figure 8). This gives antimony a total coordination number of 

seven (three equivalent azido ligands, three equivalent nitrogen bridges, and one 

sterically active free valence electron pair). Because of the increased repulsion from the 

free valence electron pair of antimony, the angle between the Sb-N bridges is opened to 

118.7° while the N-Sb-N angle is compressed to about 90°. The Sb-N bridges result in 

the formation of three a-nitrogen-bridged, perfectly planar, four-membered rings around 

each antimony atom- A mean least square plane analysis shows that they form angles of 

76.6° with each other and are arranged in a fashion resembling, the "Mitsubishi" emblem 

(see insert in Figure 8). The contacts between the sheets consist of staggered azido 

groups that are rotated by 60°with respect to each other. 

The Sb(N3)3 and As(N3)3 packings have several features in common. In both 

structures, the central atoms have coordination numbers of seven with three azide ligands, 

three nitrogen bridges, and one sterically active.free valence electron pair. Furthermore, 

both molecules associate through the formation of Na-bridged four-membered rings. 

However, in Sb(N3)3, all three Na-atoms participate equally in the bridge formation (see 

"Mitsubishi" insert in Figure 8), while in As(N3)3 only two Na-atoms and one Ny-atom 

are involved ("Half-Mitsubishi", see Figure 9). This results in a ribbon-like structure for 

As(N3)3 and a sheet structure for Sb(N3)3. Also, the bridges in Sb(N3)3 are much stronger 

(2.844 A, while the sum of the covalent Van der Waals radii is 3.66 A) than those in 

As(N3)3 (2.970, 3.069, and 3.198 A, while the sum of the covalent Van der Waals radii is 

only 3.40 A). 

■^"^N NMR Spectra: As expected for covalently bonded azides,^'*-' three well resolved 

resonances were found for both compounds in their "^N NMR spectra in CH2CI2 solution 



at 25 °C. The As(N3)3 molecule shows a very broad signal at 6 = -290 ppm (Av.^ = 300 

Hz) for the Na atoms, a sharp signal at 5 = -145.3 ppm (Av^ = 14 Hz) for the Np atoms, 

and a medium-sharp resonance at 5 = -175.9 ppm (Av.^ = 34 Hz) for the.Ny atoms. This is 

in disagreement with the data previously reported for this compound, 6 = - 318.0 ppm 

(Na), -131.1 ppm (Np), and - 165.2 ppm (Ny).^^'"^ However, the observed ^"^N NMR 

resonances for Sb(N3)3 of 6 = - 324.5 ppm (Av.^ = 139 Hz, Na), -136.2 ppm (Av^^ = 18 

Hz, Np) and -172.3 ppm (Av>4 = 23 Hz, Ny) are in good agreement with the data, 

reported previously. ^^^ 

Theoretical Calculations: Geometry optimizations were performed for As(N3)3 and 

Sb(N3)3 using second order perturbation theory methods .(MP2, also known as 

MBVT(2))P^-^^^ All stationary points were verified as local minima via diagonalization 

of the matrix of energy second derivatives with respect to nuclear displacements (i.e., the 

hessian matrix). 

Four local minima were located for As(N3)3 (see Figure  10).    Zero-point ' 

vibrational energy corrections for these minima differed by less than 0.1 kcal/mol. In the 

most stable minimum at the MP2 level, (3, d), two azido Hgands adopt an approximate 

anti orientation relative to the stereochemically active lone pair on the As atom, with the 

remaining azido ligand in a gauche-like orientation.  The second most stable isomer (1, 

C3) is 0.4 kcal/mol higher in energy than 3 and has all three azido ligands in an anti 

orientation. The isomer with two gauche azido ligands and one anti azido ligand (2) has 

Cs symmetry and is 0.7 kcal/mol higher, in energy than 3.   Finally, the least stable 

minimum (4) has all three azido groups in a gauche orientation (C3 symmetry) and is 3.0 

kcal/mol higher in energy than 3. The observed crystal structure is best described as a 



somewhat distorted C3 structure with the three azido ligands in an anti configuration. The 

calculated small energy differences can account for the ease with which this compound 

can distort from the ideal C3 symmetry under the influence of crystal packing effects. 

For Sb(N3)3, two local minima with C3 and Ci symmetry were located, with 

virtually identical zero-point vibrational energy corrections. The C3 structure has all 

azido ligands oriented anti with respect to the Sb lone pair. In the Ci mininum, which is 

0.6 kcal/mol less stable than the C3 isomer, two azido ligands are anti and the third azide 

is gauche (see Figure 10). 

Vibrational Spectra: The infrared and Raman spectra of As(N3)3 and Sb(N3)3 are 

shown in Figures 11 and 12, respectively. Tables 5 and 6 summarize the computed and 

observed frequencies. The vibrational spectra of both compounds demonstrate the 

presence of covalently bonded azido ligands. The presence of more than one azido ligand 

results in in-phase and out-of-phase coupling, and the internal azido modes split into two 

components. For C3 symmetry, the out-of-phase E modes are doubly degenerate and, in 

some cases, can be split due to a lifting of the degeneracy. The observation of extra bands 

in the 1350 to 1100 cm"^ region is attributed to Fermi resonance of V2 and Vio with the 

appropriate combination bands or overtones. 

For As(N3)3, the best fit between observed and computed frequencies is obtained 

for the Csd) isomer, in accord with the observed crystal structure. The fit between 

observed and calculated frequencies is good for both As(N3)3 and Sb(N3)3.' As might be 

expected, the nitrogen bridging lowers the skeletal ASN3 and SbN3 stretching frequencies 

and increases those of the deformation modes. This effect is more pronounced for 

Sb(N3)3 because of the stronger bridging. The general agreement between the vibrational 



spectra of As(N3)3 and Sb(N3)3 is very good and supports our vibrational analysis. The 

only ambiguity is the observation of one weak Raman at 191 and 211 cm"^ in As(N3)3 and 

Sb(N3)3, respectively, which could not be accounted for in our assignments and were 

tentatively assigned to a stretching mode involving the nitrogen bridges. 

Conclusion 

The exact structures of the highly explosive AsQ^z)^ and Sb(N3)3 molecules have 

been determined for the first time. Both structures can be derived from an ideal C3 

symmetry with the azido iigands being bent away from the sterically active free valence 

electron pair of the central atom. Additional nitrogen bridging increases the coordination 

numbers of arsenic and antimony to 7. The basic motif for the nitrogen bridging are four- 

membered, dimeric rings consisting of two As or Sb atoms and two alpha-nitrogen atoms 

from two azido Iigands. For As(N3)3, only two of its three azido Iigands participate in the 

association process, resulting in an infinite zigzag chain structure and destroying the 

perfect C3 symmetiry. For Sb(N3)3, however, all three azido Iigands take part equally in 

the association and produce a highly synmaetrical sheet stinicture, representing a case of 

perfect rhombohedral C3 symmetry. 

Experimental Section 

Caution! Arsenic and antimony azide compounds are potentially toxic and can 

decompose explosively under various conditions! They should be handled only on a small 

10 



scale with appropriate safety precautions (face shields, leather gloves and protective 

clothing). 

Materials and Apparatus. All reactions were carried out in Teflon-FEP ampules that 

were closed by stainless steel valves. Volatile materials were handled in a stainless steel- 

Teflon-FEP or Pyrex glass vacuum line. All reaction vessels and the stainless steel line 

were passivated with CIF3 prior to use. Nonvolatile materials were handled in the dry 

argon atmosphere of a glove box. 

Infrared spectra were recorded in the range 4000^00 cm"^ on a Midac FT-IR 

model 1720 at a resolution of 1 cm'^ Spectra of solids were obtained by using dry 

powders pressed between AgCl windows in an Econo press (Barnes Engineering Co.). 

Raman spectra were recorded in the range 4000-80 cm''' on a Bruker Equinox 55 FT-RA 

spectrophotometer using a Nd:YAG laser at 1064 nm. Pyrex melting point tubes that 

were baked out at 300 °C for 48 h at 10 mTorr vacuum or Teflon-FEP tubes with 

stainless steel valves that were passivated with CIF3 were used as sample containers. 

'■^N NMR spectira were recorded at 36.13 MHz on a Bruker AMX 500 

spectrometer using CH2CI2 solutions in sealed standard glass tubes. Neat CH3NO (5 = 

0.00 ppm) was used as external reference for ^'*N. 

The (CH3)3SiN3 (Aldrich) and ASF3 (Ozark) were purified by fractional 

condensation prior to use. The SbFs (Alfa Aesar) was purified by sublimation. The SO2 

(Aldrich) was condensed into a bulb and dried over CaH2, 

Preparation of As(N3)3. On the stainless steel vacuum line, ASF3 (0.23 mmol) was 

condensed at -196 °C into a Teflon-FEP ampule. The ampule was then attached to a glass 

vacuum hne and after evacuation, SO2 (3.3 mmol) was condensed in at -196 °C. The 

11 



mixture was allowed to warm to ambient temperature. After all the AsFs had dissolved, 

the ampule was cooled back again to-196 °C, and (CH3)3SiN3 (0.885 mmol) was added. 

The ampule was kept at -40 °C for 30 min and then slowly wanned to room temperature 

over a period of 4 h, resulting in a colorless solution. The volatile components were 

pumped off, leaving behind a white solid (0.045 g, weight calculated for 0.23 mmol 

As(N3)3 = 0.046 g). Further pumping at ambient temperature led to the sublimation of the 

crude product resulting in the formation of crystalline material on the walls of the 

reaction vessel. Inspection of the volatile material trapped at -196 °C by gas-FTIR 

spectroscopy showed SO2 and (CH3)3SiF"^-^^^ as the only reaction by-products. The 

crystalline solid was identified as As(N3)3 by vibrational and NMR spectroscopy and its 

crystal structure. 

Preparation otSh(N2,h. A sample of SbF3 (0.47 mmol) was loaded in the dry box into a 

Teflon-FEP ampule, followed by the addition of SO2 (5.8 mmol) in vacua-at -196 °C. 

The mixture was warmed to room temperature to suspend the SbF3 in the SO2, cooled 

back again to -196 °C, and (CH3)3SiN3 (2.16 mmol) was condensed in. The ampule was 

kept at -40 °C for 30 min and then slowly wanned to ambient temperature over a period 

of 4 h. Volatile components were pumped off and collected at -196 °C, leaving behind a 

white solid residue (0.120 g, weight calculated for 0.47 mmol of Sb(N3)3 = 0.116 g). The 

only volatile by-product, identified by gas-FTIR spectroscopy, was (CH3)3SiF. The crude 

Sb(N3)3 was vacuum sublimed in a sealed glass tube at. 100-110 °C. The obtained 

coloriess crystals were charactedzed by vibrational and NMR spectroscopy and their 

crystal structure. 

Crystal Structure Determinations. The single crystal x-ray diffraction data were 

12 



collected on a Braker 3-circIe platform diffractometer, equipped with a SMART CCD 

(charge coupled device) detector, with the x-axis fixed at 54.74° and using MoKa 

radiation (X = 0.71073 A) from a fine-focus tube. An LT-3 apparatus was employed for 

the low-temperature data collection using controlled liquid nitrogen boil off. A few well- 

formed single crystals, prepared by careful sublimation of the amorphous solid, were 

selected in a glove box, using a CCD camera naicroscope. The selected crystals were 

immersed in PFPE (perfluoropolyether) oil, contained in the cavity of a culture slide. A 

Cryoloop was used for picking a crystal and mounting it on a magnetic goniometer head. 

Cell constants were determined from 90 ten-second frames. A complete hemisphere of 

data was scanned on omega (0.3°) with a run time of thirty-seconds per frame at a 

detector resolution of 512 x 512 pixels using the SMART software.^^^^ A total of 1271 

frames was .collected in three sets and a final set of 50 frames, identical to the first 50 

frames, was also collected to determine any crystal decay.   The frames were then 

processed on a PC running on Windows NT software. The SAINT software"^^ was used 

to obtain the hkl file corrected for Lp/decay. The absorption correction was performed 

using the SADABS program.^^^^  For As(N3)3, the intensity statistics, i.e., E^-1 values, 

indicated a centrosymmetric space group. Furthermore, the absence of 0 J^ 0 (yfc = odd) 

and hOl reflections  (h+l = odd) showed the presence of a 2i screw axis and a c-glide 

plane parallel and perpendicular to the b-axis, respectively.   The space group was thus 

unambiguously assigned as P2i/c.   For Sb(N3)3, the reciprocal lattice was initially 

indexed as a hexagonal cell with cell constants ofa = 7.2046 (10) A, c = 19.439(4) A, V 

= 873.8(2) A^ and Z = 6.   An alternate setting with a smaller rhombohedral cell was 

obtained by using the transformation matrix {%, 'A, '/s, -Y^, '/s, /s, -73,-%, 'A} with cell 

13 



constants of a = 7.6998(9), a = 55.787(17)°, V= 291.26(6) A^ and Z = 2. The structures 

were solved by the Patterson method using the SHELX-90 program^^'-' and refined by the 

least squares method on F^, SHELXL-97,^^^ incorporated in the SHELXTL Suite 5.10 for 

Windows NT.^^^' All atoms were refined anisotropically. For the anisotropic displace- 

ment parameters, the U(eq) is defined as one third of the trace of the orthogonalized Uy 

tensor. CCDC-XXX and CCDC-XXX contain the supplementary crystallographic data 

for As(N3)3 and Sb(N3)3, respectively. These data can be obtained free of charge via 

www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic 

Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (+44) 1223-336-033; or 

deposit@ccdc.cam.uk). 

Computational' Methods. Optimizations of all structures were performed using second 

order perturbation theory.^''^''^-'. For AsCN'3)3, the Binning and Curtis double-zeta valence 

basis set,^^'^^ augmented with a d polarization function^^-' was used for arsenic and the 6- 

31G(d) basis set'^*^"^^^ for nitrogen. For Sb(N3)3, the Stevens, Basch, and Krauss effective 

core potentials and the corresponding valence-only basis sets were used.^'^^^   The SBK 

valence basis set for nitrogen was augmented with a d polarization function^^^-' and a 

diffuse s+p shell,^^^-' whereas only a d polarization function^^^' was added to the antimony 

basis set.   Hessians (energy second derivatives) were calculated for the final equilibrium 

structures to determine if they are minima (positive definite hessian) or transition states 

(one negative eigenvalue). All calculations were performed using the electronic structure 

code GAMESS.f^^^ 

14 



Acknowledgements 

We are grateful to the National Science Foundation, the Air Force Office of Scientific 

Research and Defense Advance Research Projects Agency for financial support. One of 

us (R. H.) is grateful to the Deutsche Forschungsgemeinschaft for a stipend. A grant of 

computer time by the Department of Defense High Performance Computing 

Modernization Program at the Aeronautical Systems Center (Wright-Patterson AFB, OH) 

and Army High Performance Computing Research Center (Minneapolis, MN) is 

gratefully acknowledged. 

15 



References 

[1]    T. M. Klapotke, P. Geissler, J. Chem. Soc. Dalton Trans. 1995,3365. 

[2]    T. M. Klapotke, A. Schulz, J. McNamara, 7. Chem. Soc. Dalton Trans. 1996, 

2985. 

[3]    K. Karaghiosoff, T. M. Klapotke, B. Krumm, H. Noth, T. Schiitt, M. Suter, Inorg. 

Chem. 2002,41, 110. 

[4]    For a recent review, see F. Fraenk, T. M. Klapoetke, in Inorganic Chemistry 

Highlights   (Eds.:   G.   Meyer,  D.   Naumann,  L.   Wesemann),   Wiley-VCH, 

,  Weinheim, 2002. 

[5]    (a) U. Mueller, H. Baemighausen, Ada Crystallogr. 1970, B26, 1671; (b) W. 

Kolitsch, U. Mueller, Z Anorg. Allg. Chem. 1974, 410, 21; (c) M. A. Petrie, J. A. 

Sheehy, J. A. Boatz, G. Rasul, G. K. S. Prakash, G. A. Olah, K. O. Christe, /. Am. 

Chem. Soc. 1991,119. ZZQ2. 

[6]    T. M. Klapotke, H. Noth, T. Schutt, M. Warchold, Z Anorg. Allg. Chem. 2001, 

(527,81. 

[7]    A. Vij, unpublished results. 

[8]    B. Neumtiller, F. Schmock, S. Schlecht, K. Dehnicke, Z Anog. Allg. Chem. 2000, 

626,1972. 

[9]    M. Atam, U. Mueller, J. Organomet. Chem. 1974, 71, 435. 

[10]  S. Schroeder, W. Preetz, Z Anorg. Allg. Chem. 2001, 627, 390. 

[11]  M. Herberhold, A.-M. Dietel, W. Milius, Z Anorg. Allg. Chem. 1999, 625, 1885. 

[12] M. Herberhold, A. GoUer, W. MiUus, Z Anorg. Allg. Chem. 2001, 627, 891. 

16 



[13]  P. Geissler, T. M. Klapotke, H.-J. Kroth, J. Spectrochim. Acta 1995,51 A, 1075. 

[14]   (a) C. Moller, M. S. Plesset, Phys. Rev. 1934, 46, 618; (b) J.A. Pople, J.S. 

Binkley, R. Seeger, Int. J. Quantum Chem. SIO, 1976, 1; (c) MJ. Frisch, M. 

Head-Gordon, J.A. Pople, Chem.Phys.Lett. 1990,166,275. 

[15] R.J. Bartlett, D.M. Silver, Int. J. Quantum Chem. Symp. 1975,9, 1927. 

[16]  K. Licht, P. Koehler, H. Kriegsmann, Z Anorg. Allg. Chem. 1975,415, 31. 

[17] H. Bmg&T, Spectrochim. Acta 1968,24A, 2015. 

[18]  SMART V 4.045 Software for the CCD Detector System, Bruker AXS, .Madison, 

WI (1999). 

[19]  SAMT V 4.035 Software for the CCD Detector System, Bruker AXS, Madison, 

WI(1999). 

[20]  SADABS Program for absorption correction for area detectors, Version 2.01, 

Bruker AXS, Madison, WI (2000). 

[21]  G. M. Sheldrick, SHELXS-90, Program for the Solution of Crystal Stincture, 

University of Gottingen, Germany, (1990). 

[22]  G. M. Sheldrick, SHELXL-97, Program for the Refinement of Crystal Structure, 

University of Gottingen, Germany, (1997). 

[23]  SHELXTL 5.10 for Windows NT, Program library for Sti^cture Solution and 

Molecular Graphics, Bruker AXS, Madison, WI (1997). 

[24] R.C. Binning, Jr., L.A. Curtiss, /. Comput. Chem. 1990,11,1206. 

[25] A d-function polarization exponent of 0.293 was used. 

[26] W.J. Hehre, R. Ditchfield, J.A. Pople, J. Chem. Phys. 1972,56, 2257. 

17 



. [27] The exponent of the d polarization function on N is 0.8; see P.C. Hariharan, J.A. 

Pople, Theoret.Chim.Acta 1973,28, 213. 

[28] WJ. Stevens, H. Basch, M. Krauss, J. Chem. Phys. 1984,81,6026. 

[29] The exponent of the diffuse s+p shell is 0.0639; see T. Clark, J. Chandrasekhar, 

G.W. Spitznagel, P. von R. Schleyer, /. Comput. Chem. 1983,4,294. 

[30] The exponent of the d polarization function on Sb is 0.211; see S. Huzinaga, J. 

Andzelm,  M.  Klobukowski, E.  Radzio-Andzelm,   Y.  Sakai,  H.  Tatewaki, 

"Gaussian Basis Sets for Molecular Calculations" Elsevier, Amsterdam, 1984. 

[31] M. W. Schmidt, K. K. Baldridge, J. A. Boatz, S. T. Elbert, M. S. Gordon, 

J. H. Jensen, S. Koseki, N. Matsunaga, K. A. Nguyen, S. Su, T. L. Windus, 

J.Comput. Chem. 1993,14, 1347. 

18 



Table 1. Crystal data and structure refinement for As(N3)3 and Sb(N3)3. 

empirical formula 

fw 

Temperature (K) 

space group 

a, A 

b.k 
c.h 

a,deg 

fi,deg 

V/A" 

Z 

peak g/cm^ 

fi, mm"'' 

crystal size, mm 

Kk 

transmission factors 

goodness-of-fit on F 

i?l, wi?2 [I>2sigma(I)] 

Rl, wR2 (all data) 

AsN9 N9Sb 

201.01 .247.84 

213(2) 223(2) 

P2i/c R-3 
7.3263(7 7.6998(9) 

11.7162(11) 

6.9865(7) 

90 55.787(17) - 

107.219(2) 

572.82(10) 291.26(6) 

4 2 

2.331 ^ 2.826 

5.863 4.667 

0.34x0.25x0.14 0.12x0.10x0. 

0.71073 0.71073 

0.0272 0.0422 

0.4941,0.2404 0.7065,0.6043 

1.098 1.132 

0.0240 0.0641 0.0320, 0.0849 

0.0254,0.0650 0.0328,0.0856 
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Table 2. Atomic coordinates (x 10^) and equivalent isotropic displacement parameters 

(A^x 10^) for As(N3)3. U(eq) is defined as one third of the trace of the orthogonalized 

Uy tensor. 

X y z U(eq) 

As(l) 2858(1) 4451(1) 6183(1) 21(1) 
N(l) 1116(3) 4819(2) 3655(3) 27(1) 

.N(2) 1725(3) 4783(2) 2190(3) 22(1) 
N(3) 2190(3) 4790(2) 799(3) .35(1) 
N(4) 4850(3) 3837(2) 5241(3) 25(1). 
N(5) 4994(2) .2785(2) 5223(3) 23(1) 
N(6) 5226(3) 1840(2) 5180(4) 37(1) 
N(7) 1743(3) 3030(2) 6499(3) 26(1) 
N(8) 250(3) 2776(2) 5209(3) 27(1) 
N(9) -1129(3) 2495(2) 4091(4) 41(1) 
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Table 3.  Bond lengths [A] and angles [°] for As(N3)3 and Sb(N3)3. 

AS(N3)3 Sb(N3)3 

Bond Distances (A) 

M-Nl 1.897(2) 2.119(4) 
M-N4 1.910(2) 2.119(4)' 
M-N7 1.896(2) 2.119(4)"     • 
N(l)-N(2) 1.232(3) 1.233(6) 
N(2)-N(3) r.l21(3) 1.131(6) 
N(4)-N(5) 1.237(3) 1.233(6)' 
N(5)-N(6) 1.122(3) 1.131(6)' 
N(7)-N(8) 1.231(3) 1.233(6)" 
N(8)-N(9) 1.128(3) 1.131(6)" 

Bond angles (°) 

N(l)-M-N(4) 97.87(9) 90.1(2) 
N(l)-M-N(7) 96.51(9) 90.1(2)' 
N(7)-M-N(4) 96.22(8) 90.1(2)" 
N(2)-N(l)-M 117.1(2) 115.8(3) 
N(5)-N(4)-M 117.1(2) 115.8(5)' 
N(8)-N(7)-M 116.6(2) 115.8(3)" 
N(3)-N(2)-N(l) 175.9(2) 178.3(5) 
N(6)-N(5)-N(4) 175.8(2) 178.3(5)' 
N(9)-N(8)-N(7) 176.3(2) 178.3(5)" 

Torsion angles (°) 

M-N(l)-N(2)-N(3) 161(4) 148(17) 
M-N(4)-N(5)-N(6) 171(4) 
M-N(7)-N(8)-N(9) 171(4) 
N(l)-M-N(4)-N(5) 102.5(2) 
N(l)-M-N(7)-N(8) 5.1(2) 
N(4)-M-N(l)-N(2) 11.9(2) 9.9(3) 
N(4)-M-N(7)-N(8) 103.8(2) 
N(7)-M-N(l)-N(2) 109.1(2) 100.1(3) 
N(7)-M-N(4)-N(5) 5.0(2) 

a = z,x,y;b = y,z,x 
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Table 4. Atomic coordinates (x lO"*) and equivalent isotropic displacement 

parameters ik\ lO^) for Sb(N3)3. U(eq) is defined as one third of the trace of the 

orthogonalized UU tensor. 

U(eq) 

Sb(l) 
N(l) 
N(2) 
N(3) 

6897(1) 6897(1) 6897(1) 21(1) 
8642(6) 6330(6) 3834(7) 22(1) 
7558(7) 7362(7) 2605(7) 24(1) 
6612(8) 8311(8) 1432(8) 39(1) 
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Table 5.  Comparison of observed and unsealed calculated MP2 vibrational 
-I frequencies (cm') and intensities for €3(1) As(N3)3. 

approx. mode description 

in point group C3 

observed f^J-t^ calculated ^^ 

mode IR Raman (IR) [Raman] 

A      Vi VasNs in phase 2121 (vs) 2128 [3.1] " 2255 (506.9) [6.7] 

V2 VjNs in phase 1251 (s,sh)f*^ 1257 [1.2]"^ 1293(122.8) 
[22.1] 

V3 5N3 in phase, in plane 663 [1.7] 681 (0.7) [16.6] 

V4 5N3 in phase, out of plane 532 (0.2) [0.8] 

V5 VsAsN3 480 (m) 465 [10.0] 507 (27.3) [23.4] 

V6 SAsNa in phase [c] 307 [0.3] 325 (35.5) [0.4] 

V7 5AS-N-N in phase TcJ . 102 [2.7] 94 (0.2) [1.0] 

V8 T in-phase [c] [d] 57,4 (0.0) [8.6] 
E      V9 VasNs out of phase 2092 

(vs)      , 
2103 [2.1]''^ . 
2093 [1.8]^'^ 

2215 (298.3) [6.1] 

Vio VjNs out of phase 1231 (s) 1244 [0.3]^'-^ 
1237 [0.2]f''*' 

1280 (92.8) [6.8] 

Vn 5N3 out of phase, in plane 664 (m) 673 (25.3) [2.4] 

Vl2 5N3 out of phase, out of plane 568 (m) 532 (10.1) [0.7] 
Vi3 VasAsNs 420 (s) 419 [4.6] 459 (83.5) [4.7] 

Vl4 6ASN3 out of phase [c] 257 [2.3] 243 (8.8) [1.4] 

Vl5 5AS-N-N out of phase [c] 135 [5] 113 (0.4) [5.9] 

V16 T out of phase . w [d] 44 (0.0) [4.4] 

[a] Relative IR and Raman intensities given in parentheses and brackets, respectively. 

[b] IR intensities given in km mol"^ and Raman intensities given in A'^ amu''. [c] Not 

observed, IR spectrum recorded only between 4000 and 400 cm'', [d] Not observed, 

Raman spectrum recorded only between 4000 and 80 cm'\ [e] Splittings caused by 

deviation from C^ symmetry, resulting in lifting of the degeneracy, [fj These modes 

show the following Fermi resonance splittings: IR: 1337 (m) (V3 + Vn) (E); 1133 (mw) 

(V5 + Vn) (E); Ra: 1334 [0.2] (2v3 or 2vu) (A) cm"\ [g] In addition to the Ksted bands, 

a Raman band at 191 [1] cm"'^ was observed which was.not assigned. It might represent 

a nitrogen bridge stretching mode. 
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Table 6.   Comparison of observed and unsealed calculated MP2 vibrational 

frequencies (cm"') and intensities for Sb(N3)3. 

approx. mode description 

in point group C3 

observed ^"^ calculated ^^ 

mode IR Raman (IR) [Raman] 

A     vi VasNa in phase 2121 (s,sh) 2123 [7.4] 2183 (631.9) [8.3] 

V2 VjNa in phase 1243 (vs)f*'^ 1263 [2.2] "^' 1243 (114.7) [37.8] 

V3 5N3 in phase, in plane 660 [2.4] 653 (0.0) [20.7] 

V4 5N3 in phase, out of plane 585 (0.2) [0.5] 

V5 VsSbNs [c] 386 [7.5] 456 (16.0) [39.9] 

Ve SSbNs in phase [c] 289 [0.1] 258 (35.6) [0.8] 

V7 5Sb-N-N in phase [c] 115 [4] 91 (0.2) [1.4] 

V8 X in-phase   . [c] m 78 (0.1) [7.5] 

E     V9 VasNsoiit of phase 2085 (vs) 2079 [lO.O] 2140 (252.0) [14.5] 

VlO VjNs out of phase 1243(vs)f''^ 1248 [1.2]'"^^ 1231 (59.1) [5.7] 

Vii 5N3 out of phase, in plane 659 (s) 643 (7.0) [1.9] 

V12 5N3 out of phase, out of plane 583 (m) 567 (3.3) [0.5] 

Vl3 VasSbNs fc] 370 [3] 414 (70.7) [5.4] 

Vl4 SSbNs out of phase [c3 264 [1.8] f*^ 
247 [1.5] 

199 (9.0) [1.1] 

Vi5 6Sb-N-N out of phase W 153 [4]^*' 
141 [6.0] 

109 (0.2) [7.0] 

V16 Tout of phase (c) m 56 (0.1) [4.2] 

[a] Relative IR and Raman intensities given in parentheses and brackets, 

respectively.[b] IR intensities given in km mol'' and Raman intensities given in A'^ 

amu"^ [c] Not observed, IR spectrum was recorded only between 4000 and 400 cm"'', 

[d] These modes show the following Fermi resonance splittings: IR, 1326 (m), (V3 + 

Vn) (E); 1162 (mw), (vj + Vn) (E); Ra: 1331 [1.2], (Ivs or 2vn) (A), cm'^ [e] Splitting 

due to lifting of the degeneracy. In the low frequency region, the following additional 

bands were observed and tentatively assigned: IR: 442 mw, vSbNs; RA: 211 [0.9], 

corresponding to the 191 [1] band in As(N3)3. These Raman bands might represent 

stretching modes of the nitrogen bridges, [f] Not observed, Raman spectrum recorded 

only between 4000 and 80 cm''. 
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■ Figure 1.  An ORTEP plot of AsQ^zh with displacement ellipsoids at the 40% 

probability level. 

k1.121 A 

1.230 A 
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Figure 2.   An ORTEP plot of As(N3)3 at the 40% probability level showing the sterically 

active free valence electron pair of arsenic and the three closest nitrogen contacts that 

give the arsenic atom a coordination number of 7. 
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Figure 3. Crystal packing of As(N3)3 along the b-axis showing the zig-zag anrangement' 
of alternating ASI2NI2 and ASI2N42 parallelograms. These chains run along the a-axis 
and are linked to adjacent chains by Asl...N6 bonds. The N7-N8-N9 azido groups do not 
participate in the bridging. 
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Figure 4: Crystal packing of As(N3)3, viewed along the chains and the a-axis, showing 
the stacking of the arsenic-nitrogen parallelograms around the inversion centers along the 

origin and cell edges. The individual chains are linked to each othef via diagonal 
Asl.. .N6 contacts which penetrate the ab plane. 
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Figure 5. An ORTEP plot of Sb(N3)3 with displacement ellipsoids at the 40% probability level. 
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in Figure 6. Packing diagrams of Sb(N3)3 viewed again along the z-axis. The left picture, 

which the nitrogen atoms are highlighted in yellow foms a "Star of David" pattern, while 

in the .right picture, the addition of the connecting bonds emphasizes the six-fold high 

symmetry of the stracture and gives the appearance of a crown made up from "Isle of 

Man" emblem subunits. 
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Figure 7. Side view of the Sb(N3)3 structure showing two sheets interconnected through 

staggered azido groups. 

31 



Figure 8. Nitrogen bridging within the Sb(N3)3 sheets. The insert shows the "Mitsubishi 

emblem" pattern of the bridging. 
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Figure 9. Nitrogen bridging within the As(N3)3 chains, showing a "Half-Mitsubishi" 

pattern. 

As1' 

33 



Figure 10. Local minima calculated for AsQSSz)^ and SbQ^l^h (values given in parantheses) at the 

MP2 level of theory. 

E =  +0.4 kcal/moKO.O) 
R(M-Hi)    =  1.888(2.069) 
R(iri-H2)  =  1.245(1.267) 
R(H2-H3)  -  1.171(1.196) 

a(Hi-M-Hi')   =     99 .4(   96.2) 
"(Hs-Jfi-M)    =  117.6(115.1) 
o(H3-ir2-Hi)  =  175.0(174.5) 

w (H3-H2-H1-M)    - 164 .9 (160 .6) 
M (II2-HX-M-IT1')   "    81.7 (   19 .5) 

E =  +0.7 kcal/mol 
R(H-Hi)    =  1.876     E(M-Hi)     = 
RClIi-lTa)  =  1.246    R(Hi-H5)   = 
R(H2-H3)  » 1.170    R(irs-Hs)   = 

1.877 
1.246 
1.171 

o(IIi-M-H4) 

ct(ir4-M-H4') 

a(Hi-Hi-M) 

tt(H5-H4-M) 

a(H3-H2-lIi) 

a(Bi-HE-H4) 

M (H3-H2-H1-M) 

M (He-Hs-Hi-M) 

"(Ha-Hi-M-lTi) 
M (lIs-Hi-M-lTi) 

a (lIs-Hi-M-ir/ ) 

=  99.9 

=  87.1 
= 117.2 
= 117.9 
= 174.6 
= 172.6 
= 180.0 
= 180.0 
"     44.4 
«■  89.8 

170.7 

E  = 0.0 kcal/mol(0.6) E = +3.0 kcal/mol 
R(M-Hi) = 1.893(2.065) a(iri-M-Hi) E 98.7(  95.3) R(M-Hi)    = 1.871 
R(M-Hi) = 1.883(2.063) a(Hi-M-H,) = 101.9(  98.2) R(Hi-H2)   - 1.245 
R(M-H,) •= 1.865(2.046) a(iri-M-lIi) m 92.5(   89.2) R(»2-M3)   - 1.171 
R(Hl-Br2) «= 1.243(1.262) a(ir2-Hi-JI) IB 118.7(120.5) o(Hi-M-Hi')   =     93.4 
R(H4-Hs) = 1.245(1.267) a(ll5-Fi-M) = 118.0(114.5) a(H2-IIi-M)    =  118.0 
R(H,-lTs) = 1.246(1.268) o(H8-ir,-M) = 118.8(117.2) o(H3-H-2-Hi)   •=  172.8 
R(Hj-H3) - 1.172(1.199) B(H3-H2-Hl) >: 173.6(174.2) M(H3-H2-iri-M)     =  178.2 
R(H5-H5) m 1.171(1.197) aills-ih-lh) = 174.7(174.7) M(1T2-Hi-M-Ili')   -  102.3 
R(H,-1T9) ■= 1.169(1.194) adIs-Hs-lT,) = 173.6(173.2) 



Figure 11. Infrared (upper trace) and Raman (lower trace) spectrum of solid As(N3)3. 
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Figure 12. Infrared (upper trace) and Raman (lower trace) spectrum of solid Sb(N3)3. The band 
marked by an asterisk is due to the FEP sample tube. Bands marked by ♦ are believed to be 
caused by a small amount of an unknown impurity. 
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Synopsis 

The structure of Sb(N3)3 is a fascinating example of perfect 
rhombohedral C3 symmetry and exhibits numerous intriguing 
patterns, while in the closely related As(N3)3 molecule, subtle 
crystal packing effects lower the high symmetry. 

R. Haiges, A. Vij, J. A. Boatz, 
K. O. Christe*..... 

First Structural Character- 
ization of Binary As(III) and 
ShQJI) Azides 
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